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SEMICONDUCTOR COMPONENT AND METHOD OF MANUFACTURING 

Field of the Invention 

5 This invention relates, in general, to electronics, and more particularly, to 

semiconductor components and methods of manufacture. 

Background of the Invention ( ^) 

Doped epitaxial layers comprised of silicon, germanium, and carbon are used as 
10 base regions for heterojunction bipolar transistors (HBTs). These epitaxial layers are 
typically grown by complicated, costly, and time consuming processes. Accordingly, a 
need exists for a semiconductor component and method of manufacturing that keeps 
the cost and complexity of the manufacturing process at a minimum, that does not have 
a low manufacturing throughput, and that facilitates the matching of different epitaxial 
15 growth reactors. 



Brief Description of the Drawings 
The invention will be better understood from a reading of the following 
detailed description, taken in conjunction with the accompanying drawing figures in 
20 which: 

FIG. 1 outlines a method of manufacturing a semiconductor component in 
accordance with an embodiment of the invention; 
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FIG. 2 illustrates a cross-sectional view of a portion of a semiconductor 
component in accordance with an embodiment of the invention; and 

FlGs. 3 and 4 illustrate distribution profiles of germanium in an epitaxial layer 
of the semiconductor component in accordance with an embodiment of the invention. 
5 For simplicity and clarity of illustration, the drawing figures illustrate the 

general manner of construction, and descriptions and details of well-known features 
and techniques are omitted to avoid unnecessarily obscuring the invention. 
Additionally, elements in the drawing figures are not necessarily drawn to scale, and 
the same reference numerals in different figures denote the same elements. 
10 Furthermore, the terms first, second, third, fourth, and the like in the 

description and in the claims, if any, are used for distinguishing between similar 
elements and not necessarily for describing a sequential or chronological order. It is 
further understood that the terms so used are interchangeable under appropriate 
circumstances and that the embodiments of the invention described herein are capable 
15 of operation in sequences other than those described or illustrated herein. 

Moreover, the terms top, bottom, over, under, and the like in the description 
and in the claims, if any, are used for descriptive purposes and not necessarily fox 
describing relative positions. It is understood that the terms so used are 
interchangeable under appropriate circumstances. 

20 
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FIG. 1 outlines a method 100 of manufacturing a semiconductor component. 
As an example, the semiconductor component can be a discrete, vertical HBT. As 
another example, the semiconductor component can be an integrated circuit (IC) 
having at least one HBT. The IC can be a bipolar IC or a bipolar complimentary 
5 metal-oxide-semiconductor (BiCMOS) IC. 

In a step 105 of method 100, a substrate is provided. As an example, the 
substrate can be comprised of a semiconductor material. In the preferred embodiment, 
the substrate is comprised of crystalline silicon. However, in an alternative 
embodiment, the substrate can be comprised of gallium arsenide or silicon carbide. 
10 In a step 1 10 of method 100, the substrate is loaded or inserted into an epitaxial 

growth reactor. As an example, the epitaxial growth reactor can be a reduced pressure 
chemical vapor deposition (RPCVD) epitaxial reactor. In the preferred embodiment, 
the epitaxial growth reactor is an E2000 reactor commercially available from 
Advanced Semiconductor Materials (ASM) America, Inc. of Phoenix, Arizona. 
15 The reactor is used to grow several epitaxial layers over the substrate. In the ... ) 

preferred embodiment, the epitaxial layers are grown within a single chamber of the 
reactor at a pressure of approximately 70 to 90 Torr. However, in an alternative 
embodiment, the epitaxial layers can be grown within different chambers of a different 
reactor. In another embodiment, the epitaxial layers can be grown within different 
20 chambers of different reactors. 



JSDOCID' <WO__0201624A1J_> 



WO 02/01624 



PCT/US01/J6689 



o 



o 



Before growing the first epitaxial layer in the chamber of the reactor, the 
chamber is prepared for the epitaxial growth process. As an example, the chamber can 

be heated and cleaned before step 110 is performed. The cleaning process can involve 

i 

etching the chamber for several seconds. After step 1 10 is performed, the substrate can 
5 be prepared for epitaxial growth by baking the substrate for approximately 1 to 3 
minutes at approximately 900 to 950 degrees Celsius. 

In a step 1 15 of method 100 in FIG. 1, a first epitaxial layer is grown over the 
substrate in a chamber of the epitaxial growth reactor. The first epitaxial layer serves 
as a buffer layer between the substrate and a subsequently grown second epitaxial 

10 layer. As an example, the first epitaxial layer can be comprised of a semiconductor 
material such as silicon and can be undoped. The first epitaxial layer can be grown at a 
rate of approximately 0.1 to 0.4 nanometers per second to a thickness greater than 
approximately 1 nanometer. The first epitaxial layer can be grown at a temperature of 
approximately 690 to 710 degrees Celsius. 

15 In the preferred embodiment, the first epitaxial layer is grown on the substrate 

to consist essentially of silicon. The first epitaxial layer can be grown from a silicon 
gas source such as silane, disilane, or dichlorosilane. Also in the preferred 
embodiment, the first epitaxial layer is grown to be substantially devoid of a dopant. 
Further in the preferred embodiment, the first epitaxial layer has a thickness of 

20 approximately 40 to 60 nanometers. 
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Next, a second epitaxial layer is grown over the first epitaxial layer at steps 
120-135. The second epitaxial layer serve, as a base region for an NPN HBT in the 
semiconductor component. The second epitaxial layer is comprised of a 
semiconductor material different from the first epitaxial layer .o create a heterojuncdon 
5 between the firs, and second epitaxial layer. In the preferred embodiment, the second 

epitaxial layer is comprised of silicon, germaninm, carbon, and a p-rype dopant, but Q 
only a portion of the second epitaxial layer contains the p-type dopant. In an 

alternative embodiment the P-type dopant can be replace by an n-type dopant The 
concentration of germanium in the second epitexial layer is grown a. different constant 
10 leveis within the second epitexial layer. As an example, the chemical formula for the 
second epitexial layer can be Si,,Ge,:C, and the p-rype dopant can be boron. 

The carbon in the second epitexial layer serves two purposes. First, the carbon 
decreases me diffusion length of the boron in the second epitaxial layer. Second, the 
carbon increases me diffusion length of the germanium in the second epitexial layer. 
15 The carbon enhances the germanium diffusion by creating a local vacancy 
superannuation within the lattice structure of the second epitaxial layer. 

The coucentratiou of carbon in the second epitexial layer can be grown at 
different ievels within the second epitexia. layer to control the diffusion of the boron 
and germanium in the second epitexial layer. For instance, me concentration of me 
20 carbon can be decreased or increased within the second epitexial layer. As an example, 
me carbon concentration may vary with depth within the second epitexial layer. 
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However, in the preferred embodiment, the concentration of carbon is grown to be 
substantially constant within the entire second epitaxial layer. Also in the preferred 
embodiment, the second epitaxial layer is referred to as a silicon germanium: carbon 
(SiGe:C) layer, and not as a silicon germanium carbide (SiGeC) layer. The reason for 
5 this difference in nomenclature is because the amount of carbon in the second epitaxial 
layer is so low that the second epitaxial layer does not have the expected properties of a 
silicon carbide film. 

At a step 120 of method 100 in FIG. 1, a first portion of the second epitaxial 
layer is grown over the first epitaxial layer in the chamber of the epitaxial growth 

10 reactor. The first portion of the second epitaxial layer is comprised of silicon, 
germanium, and carbon. The first portion of the second epitaxial layer can be grown at , 
a rate of approximately 0.1 to 0.2 nanometers per second and can have a thickness of 
greater than approximately 1 nanometer. The first portion of the second epitaxial layer 
can be grown at a temperature of approximately 590 to 650 degrees Celsius. 

15 In the preferred embodiment, the first portion of the second epitaxial layer is 

grown on the first epitaxial layer to consist essentially of silicon, germanium, and 
carbon. The first portion of the second epitaxial layer can be grown from a silicon gas 
source such as silane, disilane, or dichlorosilane, a germanium gas source such as 
hydrogen germane, and a carbon gas source such as methylsilane. Also in the preferred 

20 embodiment, the first portion of the second epitaxial layer is grown to be substantially 
devoid of the p-type dopant, to have a substantially constant concentration of 
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germanium, and to have a substantially constant concentration of carbon. As an 



example, the first portion of the second epitaxial layer can have a constant germanium 
concentration of approximately 20 to 25 percent and can also have a constant carbon 
concentration of less than approximately 0.1 percent to approximately 0.3 percent. In 
5 the preferred embodiment, the first portion of the second epitaxial layer has a thickness 
of approximately 10 to 12 nanometers. 



At a step 125 of method 100 in FIG. 1, a second portion of the second epitaxial J 
layer is grown over the first portion of the second epitaxial layer in the chamber of the 
epitaxial growth reactor. The second portion of the second epitaxial layer is comprised 

10 of silicon, germanium, carbon, and the p-type dopant. As indicated earlier, the p-type 
dopant can be replaced by an n-type dopant. The second portion of the second 
epitaxial layer can be grown at a rate of approximately 0.1 to 0.2 nanometers per 
second and can have a thickness of greater than approximately 1 nanometer. The 
second portion of the second epitaxial layer can be grown at a temperature of 

15 approximately 590 to 650 degrees Celsius. t. ) 

In the preferred embodiment, the second portion of the second epitaxial layer is 
grown on the first portion of the second epitaxial layer to consist essentially of silicon, 
germanium, carbon, and the p-type dopant. The second portion of the second epitaxial 
layer can be grown from a silicon gas source such as silane, disilane, or dichlorosilane, 

20 a germanium gas source such as hydrogen germane, a carbon gas source such as 
methylsilane, and a p-type dopant gas source such as diborane. Also in the preferred 
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embodiment, the second portion of the second epitaxial layer is grown to have a 
substantially constant concentration of germanium and to have a substantially constant 
concentration of carbon. As an example, the second portion of the second epitaxial 
layer can have a constant germanium concentration of approximately 20 to 25 percent 
5 and can also have a constant carbon concentration of less than approximately 0.1 
percent to approximately 0.3 percent. In the preferred embodiment, the germanium 
and carbon concentrations in the second portion of the second epitaxial layer are the 
same as the germanium and carbon concentrations, respectively, in the first portion of 
the second epitaxial layer. Also in the preferred embodiment, the second portion of the 

10 second epitaxial layer has a thickness of approximately 5 to 10 nanometers. Further nf 
the preferred embodiment, the second portion of the second epitaxial layer is grown at 
the same temperature as the first portion of the second epitaxial layer. 

At a step 130 of method 100 in FIG. 1, a third portion of the second epitaxial 
layer is grown over the second portion of the second epitaxial layer in the chamber of 

15 the epitaxial growth reactor. The third portion of the second epitaxial layer is 
comprised of silicon, germanium, and carbon and can be optionally comprised of the p- 
type dopant. The third portion of the second epitaxial layer can be grown at a rate of 
approximately 0.05 to 0.15 nanometers per second and can have a thickness of greater 
than approximately 1 nanometer. The third portion of the second epitaxial layer can be 

20 grown at a temperature of approximately 590 to 650 degrees Celsius. 

i 
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m the preferred embodiment, the third portion of the second epitaxial layer is 
grown on the second portion of the second epitaxial layer to consist essentially of 
silicon, germanium, and carbon. The third portion of the second epitaxial layer can be 
grown from a silicon gas source such as silane, disilane, or dichlorosilane, a 
5 germanium gas source such as hydrogen germane, and a carbon gas source such as 
methylsilane. Also in the preferred embodiment, the third portion of the second 
epitaxial layer is grown to be substantially devoid of the p-type dopant, to have a 
substantially constant concentration of germanium, and to have a substantially constant 
concentration of carbon. As an example, the third portion of the second epitaxial layer 
10 can have a constant germanium concentration of approximately 5 to 15 percent and can 
also have a constant carbon concentration of less than approximately 0.1 percent to 
approximately 0.3 percent. In the preferred embodiment, the carbon concentration in 
the third portion of the second epitaxial layer is the same as the carbon concentrations 
in the first and second portions of the second epitaxial layer, but the germanium 
15 concentration in the third portion of the second epitaxial layer is different from and is 
less than the germanium concentration in the first and second portions of the second 
epitaxial layer. Further in the preferred embodiment, the third portion of the second 
epitaxial layer has a thickness of approximately 5 to 10 nanometers. Further in the 
preferred embodiment, the third portion of the second epitaxial layer is grown at the 
20 same temperature as the first and second portions of the second epitaxial layer. 
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At an optional step 135 of method 100 in FIG. 1, a fourth portion of the second 
epitaxial layer is grown over the third portion of the second epitaxial layer in the 
chamber of the epitaxial growth reactor. The fourth portion of the second epitaxial 
layer is comprised of silicon, germanium, and carbon and can be optionally comprised 
5 of the p-type dopant. The fourth portion of the second epitaxial layer can be grown at a 
rate of approximately 0.02 to 0.05 nanometers per second and can have a thickness of 
greater than approximately 1 nanometer. The fourth portion of the second epitaxial 
layer can be grown at a temperature of approximately 590 to 650 degrees Celsius. 

In the preferred embodiment, the fourth portion of the second epitaxial layer is 

10 grown on the third portion of the second epitaxial layer to consist essentially of silicon, 
germanium, and carbon. The fourth portion of the second epitaxial layer can be grown 
from a silicon gas source such as silane, disilane, or dichlorosilane, a germanium gas 
source such as hydrogen germane, and a carbon gas source of methylsilane. Also in 
the preferred embodiment, the fourth portion of the second epitaxial layer is grown to 

15 be substantially devoid of the p-type dopant, to have a substantially constant 
concentration of germanium, and to have a substantially constant concentration of 
carbon. As an example, the fourth portion of the second epitaxial layer can have a 
constant germanium concentration of approximately 2 to 5 percent and can also have a 
constant carbon concentration of less than approximately 0.1 percent to approximately 

20 0.3 percent. In the preferred embodiment, the carbon concentration in the fourth 
portion of the second epitaxial layer is the same as the carbon concentrations in the 
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first, second, and third portions of the second epitaxial layer, but the germanium 
concentration in the fourth portion of the second epitaxial layer is different from and is 
less than the germanium concentration in the first, second, and third portions of the 
second epitaxial layer. Further in the preferred embodiment, the fourth portion of the 
5 second epitaxial layer has a thickness of approximately 1 to 5 nanometers. Further in 
the preferred embodiment, the fourth portion of the second epitaxial layer is grown at 
the same temperature as the first, second, and third portions of the second epitaxial 
layer. 

Next, a third epitaxial layer is grown over the second epitaxial layer at 140, 
10 145. The third epitaxial layer serves as a capping layer over the second epitaxial layer. 
The third epitaxial layer is comprised of a semiconductor material different from the 
second epitaxial layer to create a heterojunction between the second and third epitaxial 
layers, hi the preferred embodiment, the third epitaxial layer is comprised of silicon 
and a p-type dopant, but only a portion of the third epitaxial layer contains the p-type 
15 dopant. The p-type dopant in the third epitaxial layer is preferably the same as the p- 
type dopant in the second epitaxial layer. However, in an alternative embodiment, the 
p-type dopant in the third epitaxial layer can be different from the p-type dopant in the 

second epitaxial layer. 

At a step 140 of method 100 in FIG. 1, a first portion of the third epitaxial layer 
20 is grown over the second epitaxial layer in the chamber of the epitaxial growth reactor. 
The first portion of the third epitaxial layer is comprised of silicon. The first portion of 
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the third epitaxial layer can be grown at a rate of approximately 0.1 to 0.4 nanometers 
per second and can have a thickness of greater than approximately 1 nanometer. The 
first portion of the third epitaxial layer can be grown at a temperature of approximately 
690 to 710 degrees Celsius. 
5 In the preferred embodiment, the first portion of the third epitaxial layer is 

grown on the second epitaxial layer to consist essentially of silicon. The first portion 
of the third epitaxial layer can be grown from a silicon gas source such as silane, 
disilane, or dichlorosilane. Also in the preferred embodiment, the first portion of the 
third epitaxial layer is grown to be substantially devoid of the p-type dopant. Further 

10 in the preferred embodiment, the first portion of the third epitaxial layer has s a 
thickness of approximately 40 to 50 nanometers. 

At a step 145 of method 100 in FIG. 1, a second portion of the third epitaxial 
layer is grown over the first portion of the third epitaxial layer in the chamber of the 
epitaxial growth reactor. The second portion of the third epitaxial layer is comprised 

15 of silicon and a p-type dopant. The second portion of the third epitaxial layer can be 
grown at a rate of approximately 0.1 to 0.4 nanometers per second and can have a 
thickness of greater than approximately 1 nanometer. The second portion of the third 
epitaxial layer can be grown at a temperature of approximately 690 to 710 degrees 
Celsius. 

20 In the preferred embodiment, the second portion of the third epitaxial layer is 

grown on the first portion of the second epitaxial layer to consist essentially of silicon 



12 



WO 02/01624 



PCTAJSOl/16689 



and the p-type dopant. The second portion of the third epitaxial layer can be grown 
from a silicon gas source such as silane, disilane, or dichlorosilane and a p-type dopant 
gas source such as diborane. Also in the preferred embodiment, the second portion of 
the third epitaxial layer has a thickness of approximately 9 to 11 nanometers. Further 
5 in the preferred embodiment, the second portion of the third epitaxial layer is grown at 

the same temperature as the first portion of the third epitaxial layer. ■ 

Next, at a step 150 of method 100 in FIG. 1. the substrate with its epitaxial 
layers are unloaded or removed from the epitaxial growth reactor. After step 150, at a 
step 155 of method 100, the substrate and its epitaxial layers are annealed at a high 
l0 temperature above room temperature. The annealing process of step 155 diffuses the 
germanium in the first, second, third, and fourth portions of the second epitaxial layer 
into a desired or predetermined distribution profile within the first, second, third, and 
fourth portions of the second epitaxial layer. As an example, a rapid thermal annealing 
<RTA) process can be used to perform step 155. This RTA process can be performed 
15 at approximately 1,000 to 1,050 degrees Celsius for approximately 10 to 30 seconds. J 
After the annealing process, the first portion of the second epitaxial layer may 
no longer consist solely of silicon, but may also comprise the p-type dopant diffused 
from the second portion of the second epitaxial layer. Similarly, the first portion of the 
second epitaxial layer may further comprise germanium after the annealing process. 
20 Other portions of the second epitaxial layer and other epitaxial layers may also be 
affected by the diffusion of elements from adjacent layers. 



13 



4SDOCID- <WO__0201B24A1J_> 



WO 02/01624 



PCTYUS01/16689 



At a step 160 in method 100 in FIG. 1, the carbon in the second epitaxial layer 
is used to control the diffusion of the germanium in the second epitaxial layer. The 
carbon concentration in the second epitaxial layer does not merely affect the 
germanium diffusion during the annealing process of step 155, but is used to control 
5 the germanium diffusion to create or define a desired germanium profile within the 
second epitaxial layer. In addition to using the carbon concentration to control the 
germanium diffusion, the time and temperature of the annealing process are also used 
to control the germanium diffusion in the second epitaxial layer. Method 100 also 
includes other known manufacturing steps to complete the discrete HBT or the IC 

10 having the HBT. 

FIG. 2 illustrates a cross-sectional view of a portion of a semiconductor 
component 200 manufactured by method 100 in FIG. 1. In particular, component 200 
is illustrated immediately after step 160 in method 100 in FIG. 1. As illustrated in FIG. 
2, component 200 includes a substrate 210 described in step 1 10 of method 100 in FIG. 

15 1. Component 200 also includes a first epitaxial layer 220 described in step 115 of 
FIG. 1. Component 200 further includes a second epitaxial layer 230. Layer 230 has a 
first portion 231, a second portion 232, a third portion 233, and a fourth portion 234 
described in steps 120, 125, 130, and 135, respectively, of FIG. 1. Component 200 
additionally includes a third epitaxial layer 240. Layer 240 has a first portion 241 and 

20 a second portion 242 described in steps 140 and 145, respectively, of FIG. 1. 
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FIGs. 3 and 4 illustrate distribution profiles of germanium in epitaxial layer 230 
of semiconductor component 100. The germanium distribution profiles before the 
anneal process of step 155 in FIG. 1 and after the anneal process of step 155 in FIG. 1 
are illustrated in both of FIGs. 3 and 4. The germanium distribution profiles in FIGs. 3 
5 and 4 are based on computer simulations. 

FIG. 3 illustrates a graph having a horizontal or X axis representing a depth into 
component 200 of FIG. 1 . The depth of zero microns on the X axis represents the top 
surface of layer 240 in FIG. 2. The graph in FIG. 3 also has a vertical or Y axis 
representing a concentration of germanium. The germanium distribution before and 
10 after the anneal process of step 155 in FIG. 1 is plotted along these two axes in FIG. 3. 
The germanium distribution in FIG. 3 is formed by method 100 when optional step 135 

in FIG. 1 is not performed. 

A box distribution profile 310 in FIG. 3 represents a pre-anneal or as-grown 
germanium distribution in the first and second portions of the second epitaxial layer of 

15 steps 120 and 125 in FIG. 1. A box distribution profile 320 in FIG. 3 represents a pre- 
anneal or as-grown germanium distribution in the third portion of the second epitaxial 
layer of step 130 in FIG. 1. A curved distribution profile 340 in FIG. 3 represents a 
post-anneal germanium distribution in the epitaxial layers and substrate of component 
200 in FIG. 2. A curved distribution profile 350 in FIG. 3 represents a Secondary Ion 

20 Mass Spectrometry (SIMS) profile of the post-anneal germanium distribution in the 
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epitaxial layers and substrate of component 200 in FIG. 2. Profiles 340 and 350 are 
determined by computer simulations. 

FIG. 4 illustrates a graph having a horizontal or X axis representing a depth into 

i 

component 200 of FIG. 1. The depth of zero microns on the X axis represents the top 
5 surface of layer 240 in FIG. 2. The graph in FIG. 4 also has a vertical or Y axis 
representing a concentration of germanium. The germanium distribution before and 
after the anneal process of step 155 in FIG. 1 is plotted along these two axes in FIG. 4. 
The germanium distribution in FIG. 4 is formed by method 100 when optional step 135 
in FIG. 1 is performed. 

10 A box distribution profile 410 in FIG. 4 represents a pre-anneal or as-grown 

germanium distribution in the first and second portions of the second epitaxial layer of 
steps 120 and 125 in FIG. L A box distribution profile 420 in FIG. 4 represents a pre- 
anneal or as-grown germanium distribution in the third portion of the second epitaxial 
layer of step 130 in FIG. 1. A box distribution profile 430 in FIG. 4 represents a pre- 

15 anneal or as-grown germanium distribution in the fourth portion of the second epitaxial 
layer of step 135 in FIG. 1. A curved distribution profile 440 in FIG. 4 represents a 
post-anneal germanium distribution in the epitaxial layers and substrate of component 
200 in FIG. 2. A curved distribution profile 450 in FIG. 4 represents a SIMS profile of 
the post-anneal germanium distribution in the epitaxial layers and substrate of 

20 component 200 in FIG. 2. Profiles 440 and 450 are determined by computer 
simulation techniques. 
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Therefore, an improved semiconductor component and method of manufacture 
is provided to overcome the disadvantages of the prior art. The method manufactures a 
semiconductor component by, among other steps, growing a doped silicon germanium: 
carbon (SiGe:C) epitaxial layer located over a semiconductor substrate, by annealing 
5 the epitaxial layer, and by using the carbon in the epitaxial layer to control diffusion of 
the germanium in the epitaxial layer during the annealing step. The epitaxial layer is 
preferably formed by growing the epitaxial layer with a substantially constant carbon 
concentration and two or three substantially constant germanium concentrations. The 
epitaxial layer is preferably not grown by using more than three constant germanium 
10 concentrations. The number of germanium concentration steps is kept low to facilitate 
the matching of different epitaxial growth reactors, to increase the throughput for the 
process, and to keep the cost and complexity of the process at a minimum. The 
epitaxial layer is also preferably not grown by using a non-constant or continuously 
variable germanium concentration for the same reasons. 
15 Although the invention has been described with reference to specific 

embodiments, it will be understood by those skilled in the art that various changes may 
be made without departing from the spirit or scope of the invention. For instance, the 
numerous details set forth herein such as, for example, the material compositions, the 
chemical concentrations, and the layer thicknesses are provided to facilitate the 
20 understanding of the invention and are not provided to limit the scope of the invention. 
Furthermore, the p-type dopant in the second epitaxial layer can be replaced by an n- 
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type dopant if the HBT is a PNP transistor. Accordingly, the disclosure of 
embodiments of the invention is intended to be illustrative of the scope of the 
invention and is not intended to be limiting. It is intended that the scope of the 
invention shall be limited only to the extent required by the appended claims. 
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CLAIMS 

1. A method of manufacturing a semiconductor component comprising: 
providing a semiconductor substrate (210); 

growing an epitaxial layer (230) comprised of silicon, germanium, carbon, and a 
p-type dopant located over the semiconductor substrate; 
5 annealing the epitaxial layer; and 

using the carbon in the epitaxial layer to control diffusion of the germanium in Q 
the epitaxial layer while annealing the epitaxial layer. 

2. The method of claim 1 wherein: 
using the carbon further comprises: 
10 using the carbon to define a distribution profile of the germanium in the 

epitaxial layer. y 

3. The method of claim 1 or 2 wherein: , ) 
growing the epitaxial layer further comprises: 

increasing a concentration of the carbon in the epitaxial layer to increase 

15 a diffusion length of the germanium. 

4. The method of claim 1 or 2 wherein: 
growing the epitaxial layer further comprises: 

decreasing a concentration of the carbon in the epitaxial layer to decrease 

a diffusion length of the germanium. 

19 



^SOOCID- <WO 020 1 624A 1_l _> 



WO 02/01624 PCT7US01/16689 

it 



o 



5. The method of claim 1 or 2 or 3 or 4 wherein: 
growing the epitaxial layer farther comprises: 

growing a first portion of the epitaxial layer having a first concentration 
of the germanium; and 

5 growing a second portion of the epitaxial layer located over the first 

portion of the epitaxial layer and having a second concentration of the germanium. 

6. The method of claim 5 wherein: 
growing the epitaxial layer further comprises: 

providing the second concentration of the germanium less than the first 
10 concentration of the germanium. 



7. The method of claim 5 or 6 wherein: 
growing the epitaxial layer further comprises: 
{ ) growing at least the first portion of the epitaxial layer to be comprised of 

the p-type dopant. 



15 8. The method of claim 5 or 6 or 7 wherein: 

growing the epitaxial layer further comprises: 

growing a third portion of the epitaxial layer located over the second 
portion of the epitaxial layer and having a third concentration of the germanium. 

20 
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9. The method of claim 8 wherein: 
growing the epitaxial layer further comprises: 

providing the third concentration of the germanium less than the second 
concentration of the germanium; and 

providing the second concentration of the germanium less than the first 
5 concentration of the germanium. 

10. The method of claim 5 or 6 or 7 or 8 or 9 wherein: 
growing the epitaxial layer further comprises: 

growing the first portion of the epitaxial layer with a substantially 
constant concentration of the carbon; and 
10 growing the second portion of the epitaxial layer with the substantially 

constant concentration of the carbon. 
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PROVIDING A SUBSTRATE | 



110 
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LOADING THE SUBSTRATE INTO 
AN EPITAXIAL GROWTH REACTOR 
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GROWING A FIRST EPITAXIAL LAYER | 
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GROWING A FIRST PORTION OF A SECOND 
EPITAXIAL LAYER COMPRISED OF SILICON 
GERMANIUM, AND CARBON 



O 



GROWING A SECOND PORTION OF THE SECOND 
125 H EPITAXIAL LAYER COMPRISED OF SILICON, 
GERMANIUM, CARBON AND A P-TYPE DOPANT 
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GROWING A THIRD PORTION OF THE SECOND 
EPITAXIAL LAYER COMPRISED OF SILICON, 
GERMANIUM, AND CARBON 
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GROWING A FOURTH PORTION OF THE SECOND 
EPITAXIAL LAYER COMPRISED OF SILICON, 
GERMANIUM, AND CARBON 
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GROWING A FIRST PORTION OF A THIRD 
EPITAXIAL LAYER COMPRISED OF SILICON 



GROWING A SECOND PORTION OF THE THIRD 
145 -\ EPITAXIAL LAYER COMPRISED OF SILICON, 

AND A P-TYPE DOPANT 
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UNLOADING THE SUBSTRATE FROM 
THE EPITAXIAL GROWTH REACTOR 



100 



ANNEALING THE SECOND EPITAXIAL LAYER 
TO DIFFUSE THE GERMANIUM INTO A PREDETERMINED 

DISTRIBUTION PROFILE 
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USING THE CARBON IN THE SECOND EPITAXIAL LAYER 
TO CONTROL DIFFUSION OF THE GERMANIUM 
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